Introduction
Tuberculosis (TB) is one of the oldest and most successful human pathogens and has infected approximately one third of the world's population 1 . After an individual is infected with TB, the infection may have no clinical manifestation (latent TB infection), but 5-10 percent of infected individuals will progress to active TB disease months to years later [2] [3] [4] . Early detection and treatment of active TB as well as preventive treatment of individuals with latent TB infection are therefore considered two of the cornerstones of TB control.
Current TB diagnostics, however, are in need of improvement. TB infection has been traditionally diagnosed using the Mantoux tuberculin skin test (TST). TST effectiveness is limited by the need for a return visit, inter-reader variability, cross-reactivity with nontuberculosis mycobacteria as well as the Bacille Calmette-Guerin (BCG) vaccine, and poor sensitivity in immunocompromised patients [5] [6] . Importantly, the TST only identifies TB infection, but does not provide any information that can distinguish latent TB infection from active TB disease. Microbiologic methods (acid-fast smear and mycobacterial culture) must be used to discriminate latent from active TB. Unfortunately, acid-fast smears are relatively insensitive for TB diagnosis, and mycobacterial culture requires clinicians to wait up to several weeks to obtain a result as well as significant investments in equipment. Recently, Interferon-gamma Release Assays (IGRAs) have been developed which deal with some of the TST's limitations 7 . IGRAs are performed in vitro with a single blood draw (obviating the need for return diagnostic visits), include standards to reduce inter-reader variability, and utilize TB specific antigens to reduce cross-reactivity with other mycobacteria, including BCG. The increased specificity of IGRAs has significant potential to reduce false-positive tests, particularly among BCG-vaccinated, otherwise low-risk populations, permitting public health programs to focus on high-risk persons 8 . Much like TST's, IGRAs suffer from suboptimal sensitivity in immunocompromised individuals and young children. IGRAs are also unable to differentiate latent from active TB 9 .
We sought to determine whether other biomarker responses or combinations thereof, after whole-blood stimulation by TB-specific antigens, could improve upon the performance of Interferon-gamma (IFN-γ) by IGRAs. We hypothesized that combinations of multiple biomarkers could a) be more sensitive for TB infection than a single immune marker, and b) potentially distinguish individuals with active TB disease from persons with latent TB infection.
Materials and Methods

Subjects
Our cohort included persons participating in two different ongoing studies: 1) the "TB Epitopes Study" (Immunogenicity of Mycobacterium tuberculosis T Cell Epitopes), which collected a single blood specimen from persons with either active or latent TB and examined immune responses to a number of TB-specific epitopes, or 2) the "GIS-THIS Study" (Geographic Information Systems-based screening for TB, HIV, and syphilis), which screened participants for TB, human immunodeficiency virus, and syphilis in high-incidence neighborhoods. Both studies involved drawing blood for a Quantiferon® Gold In-Tube test, and the leftover supernatant from the Quantiferon tubes was frozen at −80°C and subsequently used in this study. Patients involved in this study were recruited between October 1, 2008 and May 1, 2009. The present study as well as the parent protocols required written informed consent and were approved by the Duke University Institutional Review Board.
Consenting subjects were divided into three experimental groups according to TB status: active TB, latent TB and TB negative. The active TB group included subjects who either grew Mycobacterium tuberculosis from a clinical specimen or were diagnosed clinically per Centers for Disease Control and Prevention criteria 10 . Individuals in the active TB group were at variable stages of treatment, including some who had completed treatment. The latent TB group included subjects with either a positive TST, positive Quantiferon® Gold In-Tube assay, or both, but with no signs or symptoms of active TB disease and no positive cultures for M. tuberculosis. Finally, the TB negative group included subjects who tested negative with the TST and/or Quantiferon® Gold In-Tube assays and had no clinical evidence of active TB disease.
Quantiferon Tests
Quantiferon® Gold In-Tube (QFT-GIT) (Cellestis Inc, Valencia CA) tests were performed according to the manufacturer's instructions by a single ASCP certified medical technologist trained to perform the QFT-GIT assay by Cellestis. Briefly, whole blood was collected by venipuncture from each subject and incubated for 16-24 hours in three separate conditions: 1) a mixture of 3 TB antigens from RD1 and RD11 (ESAT-6, CFP-10 and TB7.7); 2) a mitogen for a positive control; and 3) a mock stimulation for a negative control (Nil). Following the stimulations, 150μl of supernatant was harvested from each tube. 50μL of each supernatant was used to determine its IFN-γ concentration by ELISA (Cellestis Inc, Valencia, CA). In addition, 100μL of each supernatant was frozen at −80°C and analysis was performed within 16 weeks from collection.
Multiplexed Bead Arrays
Supernatants from each stimulation were thawed and analyzed undiluted and at a 1:10 dilution to determine the concentration of 25 potential biomarkers (IL-1β, IL-1RA, IL-2, IL-2R, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12 p40/70, IL-13, IL-15, IL-17, TNF-α, IFN-α, IFN-γ, GM-CSF, MIP-1α, MIP-1β, IP-10, MIG, Eotaxin, RANTES, MCP-1) by using a Human Cytokine 25-plex (Biosource, Camarillo, CA). The assay procedure was performed by a single blinded researcher for all assays and followed manufacturer's instructions. In summary, sample and standard dilutions were performed with the included assay diluent. Beads coated with antibodies against the 25 potential biomarkers were added to each well of a 96-well filter plate and washed with wash buffer. Beads were resuspended in 100μL of incubation buffer. 100μL of standards that contained a mixture of each analyte with known concentrations were added to the appropriate wells and run in duplicate. The remaining wells received 50μL assay diluents and 50 μL of either Quantiferon® supernatant or 10-fold diluted Quantiferon® supernatant. Plates were at room temperature while shaking for 2 hours to allow sample binding to the appropriate beads. Following two recommended washes with wash buffer, biotinylated antibodies against each biomarker were added to the bead: sample conjugates and incubated at room temperature while shaking for 1 hour. At the end of the incubation time, the plate was washed twice with wash buffer. Streptavidin-RPE was added to each well and the plate was incubated at room temperature while shaking for 30 minutes. After the plate was washed 3 times with wash buffer, the beads were resuspended in wash buffer. The plate was then analyzed on a Luminex 100 ™ instrument (Luminex, Austin, TX) using Bio-Plex Manager Software (Bio-Rad, Hercules, CA). Analyte concentrations obtained from the undiluted Quantiferon® supernatant were used unless they were above the linear range of the assay, in which case the corresponding 10-fold diluted Quantiferon® sample supernatant was used to determine the analyte concentration. In one case the analyte (MCP-1) concentration in the 10-fold diluted specimen was above the linear range; this response was deleted for analytic purposes. Analyte concentrations reported as below the limit of detection were assigned values of 0 pg/mL for analytic purposes.
Statistical Analysis
The biomarker response was defined as the concentration of the biomarker in the Nil tube supernatant subtracted from the biomarker concentration in the TB antigen tube supernatant (TB-Nil) as detected by the multiplexed bead array. The Wilcoxon rank-sum test was used to test the marginal association between each biomarker response and experimental group 11 . Based on the biomarker profiles, we built classification models for the three infection outcomes: negative (uninfected), latent TB, and active TB. To this end conditional inference trees were used 12 . For each model, the family-wise error rate was controlled at the two-sided 0.05 level. Receiver operating characteristic curves were generated based on combinations of cytokines. The Spearman rank coefficient was used to assess the relationship between interferon gamma responses in the Quantiferon® vs. the Luminex systems. The R statistical environment along with the party extension package were used to conduct the statistical analyses [12] [13] as well as SASv9.3 (SAS Systems, Cary, NC).
Results
Study Subjects
Specimens from 70 subjects were examined; demographic and clinical data are summarized in Table 1 . Among the 32 persons with latent TB infection, one was currently taking isoniazid for latent TB, and 8 had received at least some prior treatment for latent TB (range 8-52 weeks of isoniazid, median 38.5 weeks), of whom 5 had completed at least 6 months of isoniazid, and one additional person was currently receiving latent TB treatment (7 weeks received). Three of the persons with latent TB had HIV; two were taking antiretrovirals at the time of blood sampling (CD4+ T-cell count 157/mm 3 and 352/mm 3 ), and one was not (CD4+ T-cell count 449 cells/mm 3 ). Among the 12 persons with current or prior active TB disease, 10 were culture-proven and 2 were clinical cases. Nine of the active TB patients had pulmonary disease and 3 had extrapulmonary disease. Four of the active TB patients were currently on TB treatment (3-25 weeks into treatment), and 8 had completed treatment a median 8.5 months previously (range 0.5-17 months). Two of the patients with active TB had HIV, and both were on antiretroviral therapy at the time of blood sampling for the study, with CD4+ T-cell counts of 153 and 358 cells/mm 3 .
Biomarker Analysis After Antigen Stimulation
In order to verify the performance of our Luminex assay as a diagnostic we initially compared Luminex obtained IFN-γ production values across patient groups. As expected, IFN-γ expression, as detected by Luminex, was significantly higher in the infected subjects (latent TB and active TB combined) than the TB negative group as shown in Figure 1A (p<0.001). Because most subjects' results were at the upper or lower end of the linear range of the Quantiferon® assay, it was difficult to assess the linearity of the relationship between IFN-γ responses as measured by the Quantiferon® kit vs. Luminex. The Spearman rank correlation between responses in the two kits was 0.47 (p<0.0001).
We next analyzed each of the remaining 24 biomarkers' ability to differentiate between uninfected and infected subjects (latent TB and active TB combined). The median levels of seven biomarkers (IP-10, MIG, IL-2, MCP-1, IL-15, and IL-1 receptor antagonist) were significantly (p<0.001) higher in the TB-infected group compared to the uninfected group ( Figure 1B-F and Supplementary Figure 1A) . Of those, IP-10, MCP-1, and IL-15 displayed the least amount of overlap between the uninfected subjects and the TB-infected groups. IL-10 was also identified as being differentially secreted between TB infected and uninfected subjects, but did not meet Bonferroni-corrected significance (corrected for 50 comparisons, so significant p<0.001) (Supplementary Figure 1B) . Log-transformed p-values obtained as a result of this analysis are displayed in Figure 1G (blue bars). The complete list of biomarkers and comparison of median values between TB-infected and uninfected persons is in Supplementary Table 1.
Active Versus Latent TB
Next we sought to determine if any biomarkers were differentially expressed between active and latent TB patients with a Wilcoxon rank-sum test. As expected, IFN-γ was not significantly differentially expressed between infection statuses ( Figure 1A) . Similarly, IP-10, MIG, IL-2 and IL-10 were also not differentially expressed between the active and latent TB groups ( Figure 1B-D and Supplementary Figure 1B) . Using a Bonferronicorrected significance threshold for significance (p<0.001), we observed that IL-15 was the only biomarker able to segregate subjects with latent and active TB ( Figure 1F ). Using a less strict significance cutoff (p<0.01) four biomarkers were identified as having differential secretion in response to TB antigen stimulation in subjects with latent TB compared to those with active TB: MCP-1, IL-1Ra, IFN-α, and IL-4 ( Figure 1E and Supplementary Figures  1A, C, and D) . We report the p-values for comparisons of all 25 biomarkers' median production in latently infected patients to that in actively infected patients in Figure 1G (red bars) and Supplementary Table 1. Although IL-1Ra, IL-4, IL-15, IFN-α, and MCP-1 responses were quantitatively different between the latent and active TB groups, there was still considerable overlap in biomarker responses, as shown in Figures 1A through F. Conditional inference trees were therefore used to explore whether a combination of responses could improve discrimination between the uninfected, latent TB, and active TB groups. A model utilizing MCP-1 followed by IP-10 (Supplementary Figure 2) successfully identified all of the active TB subjects, but also misidentified 23 latent TB subjects and 2 uninfected subjects as having an active infection. In addition, this model misclassified 2 TB uninfected subjects as having a latent TB infection and 3 latent TB subjects as being uninfected.
Since current diagnostic methods perform well at identifying the TB negative individuals we hypothesized that removing this group from consideration for the inference trees would generate a clinically more relevant model. When only the responses of the latent and active TB groups were analyzed, IL-15 response alone was the best discriminator between latent and active TB (Supplementary Figure 3) . This model outperformed the previous inference model, reducing the misclassified latent TB subjects from 23 to 7 but it also raised the misclassification of active TB subjects from 0 to 1.
To verify our original hypothesis that combinations of multiple biomarkers could correctly segregate individuals with active TB disease from persons with latent TB infection, we examined the performance of all pairs of biomarker responses that significantly differed between the active and latent TB groups (IL-1Ra, IL-4, IL-15, IFN-α, and MCP-1). This method determined that the combination of an MCP-1 response greater than or equal to 19,696 pg/mL and an IL-15 response greater than or equal to 82 pg/mL achieved the greatest overall accuracy in identifying patients with latent versus active TB (Figure 2 ). In fact, by using this combination we correctly assigned 38/44 (86.4%) of subjects with either latent or active TB to the correct disease states. The sensitivity and specificity of this two-biomarker combination for active TB (vs. latent TB) were 83% and 88%, respectively. Receiver operating characteristic curves for this combination are shown in Supplementary Figure 4 .
Of note, there was no significant correlation in the active tuberculosis group between time elapsed since the start of antituberculous treatment and biomarker response for interferon gamma or any of the biomarkers in the models above. The Spearman correlations and pvalues between time since start of treatment and biomarker response were r=0.44 (p=0. 15) for interferon gamma, r=0.13 (p=0.69) for IP-10, r=−0.02 (p=0.95) for IL-15, and r=−0.36 (p=0.25) for MCP-1.
Discussion
This study suggests that several biomarker responses to TB antigens may be useful for the detection of TB infection as well as for differentiating active and latent TB disease. Of particular promise in detecting TB infection was IP-10. This is consistent with previous studies which found locally high levels of IP-10 in pleural effusions of TB patients as well as within indurations resulting from a positive TST reaction [14] [15] . In addition, our results confirm recent observations by Ruhwald and collaborators of IP-10 as a marker for TB infection [16] [17] . Of note, the optimal cutoff for IP-10 response found by Ruhwald et al. (455 pg/ml) did not perform quite as well in our subject population (sensitivity 70.5%, specificity 96.2% in discriminating infected vs. uninfected subjects) as a lower cutoff (200 pg/ml) (sensitivity 84.1%, specificity 96.2%), illustrating that optimal cutoffs will need to be determined from more large, prospective studies. Our results are also in agreement with a smaller study that compared biomarker responses after stimulation in 8 TB patients to 7 healthy controls. The Quantiferon® Gold In-Tube system was also used for that study, which found increased MCP-1, MCP-3, IL-1Ra, and IP-10 responses to TB antigen stimulation among TB patients compared with controls 18 . While immunosuppressed individuals often do not mount a detectable IFN-γ response to TB antigen stimulation, the biomarkers identified in our study may be produced at detectable levels in such patients 6, 19 . In fact, the four HIV + TB + patients in our study mounted IP-10 responses greater than all but one TB-uninfected patient. These limited data support further study of IP-10 response to TB antigens as a potential diagnostic in immunosuppressed populations.
More interestingly, we also identified a biomarker combination which shows promise in distinguishing latent from active TB. Specifically, the combined analysis of IL-15 and MCP-1 responses accurately identified 86% of active and latent TB patients. This combined IL-15 and MCP-1 response pattern could either be a marker for the presence of active TB or instead could represent a response associated with greater susceptibility to development of active TB after infection. Most of our subjects with active TB were sampled after treatment completion, so it is impossible to determine from our data whether these responses might be dynamically influenced by the treatment.
Our study suffers from a number of limitations, including relatively small sample size and a hetereogeneous subject population. In particular, subjects in both the latent and the active tuberculosis group were at different timepoints after the start of treatment. Biomarker responses to the antigens used could potentially vary during and after treatment, but this effect has not been consistent in the literature. [20] [21] [22] Additionally, there is no gold standard test for latent tuberculosis; all of the available tests have limitations, and discordant results from the same patient are the norm. 9, 23 We used standard definitions of latent tuberculosis, but there was heterogeneity in this group (some had positive tuberculin skin tests with negative Quantiferon® tests, others did not have skin testing performed and only had positive Quantiferon® tests) as well. Such heterogeneity is most likely to bias our results toward the null due to increased measurement variability, but we cannot dismiss the potential for spurious associations between biomarker responses and disease group based on misclassification or heterogeneity. Furthermore, the receiver operating characteristic curves are based on a training dataset alone, which likely overestimates model performance. We did not examine a number of potential biomarkers such as EGF or soluble CD40 ligand that have demonstrated potential to discriminate latent from active tuberculosis in other studies; at least one biomarker that seemed promising for this purpose in another study (MIP-1β) did not perform well in our study. 24 The particular biomarker responses associated with active TB disease in this study were not surprising given previous investigators' findings. In vitro studies have shown that IL-15 upregulates the antimicrobial protein cathelicidin, leading to decreased M. tuberculosis survival. 25 Furthermore, Rausch and colleagues have shown that IL-15 is required for proper CD8 + T-cell accumulation in the lungs and therefore increased mortality in knockout mice following M. tuberculosis infection 26 . In addition to IL-15, our study identified increased MCP-1 production as an indicator of active TB. Multiple studies indicate high MCP-1 production may be detrimental to the host immune response 27 . Included in these findings was discovery of a single nucleotide polymorphism (SNP) in the MCP-1 promoter which correlated with increased MCP-1 expression and increased susceptibility to active TB disease 28 . While this finding held true in Mexican, Korean and Peruvian patient populations the SNP had no effect in a Russian population and even correlated with protection in Ghanaian patients [29] [30] . Additional genetic and/or environmental factors are probably important for determining the role of MCP-1 in fighting TB disease. In light of these contradictory findings it is also important that the present study be extended to diverse TB populations around the world. One possible interpretation is that MCP-1 production in response to M. tuberculosis predisposes certain patient populations to develop active TB, and subsequent to the onset of active TB a strong IL-15 response is mounted. A proper longitudinal study would be needed to determine if IL-15 and MCP-1 production appears concurrently, one precedes the other, or if the "active" response pattern heralds active disease or follows its onset. Additional information might be gained by examining biomarker profiles after prolonged incubation, as opposed to the 16-24 hour incubation period used in our study. A recently published study used the same stimulation platform but a longer incubation (72 hours) time, and found that IL-2 supernatant concentrations at 72 hours (but not 18 hours) discriminated latent from active TB patients 31 . This suggests that the simultaneous monitoring of these significant biomarkers may also provide insights into the spectrum of immune responses across the population. Distinct portions of this spectrum (e.g. strong IP-10 response combined with a weak IFN-γ response) may have prognostic significance for pathogenic outcomes such as progression from latent to active disease, extrapulmonary spread of TB, probability of reinfection and/or treatment efficacy. Therefore, it is important that our findings form the basis for a larger study featuring diverse well-defined patient populations who are monitored longitudinally.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Secretion of IFN-γ (A), IP-10 (B), MIG (C), and IL-2 (D) are significantly higher in TB infected subjects ( ) than non-infected controls ( ) but do not significantly differ when active TB subjects are compared to latent TB subjects ( ) following TB antigen stimulation of whole blood. MCP-1 (E) and IL-15 (F) secretion are significantly increased following TB antigen stimulation of whole blood in TB infected subjects compared with non-infected controls. These biomarkers are also more highly secreted in active TB subjects than latent TB subjects. Each data point represents the concentration observed following stimulation minus the concentration observed in the negative control condition. HIV positive subjects are denoted by squares. Log p-values from Wilcoxon-rank sum tests comparing biomarker secretion in TB infected subjects to non-infected controls (blue bars) as well as active TB subjects to latent TB subjects (red bars) are also plotted (G). The line (log P=3) represents the Bonferroni-corrected significance threshold (50 comparisons). Simultaneously analyzing IL-15 and MCP-1 concentrations allows the effective separation of active and latent TB disease states. Subjects with active TB are represented by red shapes, and those with latent TB as orange shapes. Using cutoffs of 82pg/mL and 19696pg/mL for IL-15 and MCP-1 respectively, 10/12 (83%) active TB subjects ( ) and 28/32 (88%) latent TB subjects ( ) were correctly identified. Incorrectly identified subjects are shown as halfshaded shapes. HIV positive subjects are denoted by squares.
